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A METEGDFORCALCULATINGTHEHEATREQUIREDFORTHE
PREVENTIONOFFOGFORMATIONSON THEINSIDE
SURFACESOFSINGIJ2-I?AUZLBULLET4ESLEWflJG

WIEWHIEIISDURINGD~{G FLIGHT

By JamesSelnaandJohnE. Zerbe

An 3nvestigationwas:conducted to providea meansforcalcu-
latingtheheatroq&ei forthepreventionoffogformationson
theinsidesurface~o.fsingle-~nelb@lle@resisttigwindshields
d.u+g divingflight.An analysisVLLZmad~toprovirierelation- —
6hi?Jsfortheheatrequiredconsideringthetranaientheatingof
thewindshieldduringdj.vln:flight.Fr~ theresult~of thfs

-.

analysis,it 3sevidentthatfordiveswheretherateofdescent
ishigh,over~QOOfeetycrminute,thetemperatureof the.inside
eurfaceeofa singl+panelbullet~resietingwindshieldremains
approximatelyconstantunlessthere”i.sanappreciablechangeof
heatinputto thewinbhieldduringthedive. Thus,i,ndesigning
fog-preventionsystemsforlulle%resistingwindshields,thedesign
maybe carriedoutforsteady-statoconditionsat thealtitudefrcm
whichdivingflightis initiatedunle~etiereisanappreciable
decreaseofheatinputthroughthewi~d~hieldwithdecreasing
aliii.tud.e.In thipevmt corfiidcrationofthetransientheatflow
duringdivingflightmaybe neoessary in ordertoprovidefog
protection.Con~ideraatioqof the‘tmnsientheatflowduring
divingflightmayalsobe desirablein ordartoconserv~heat
energywhentheh“=tinputtothewindshieldincreasesa~yreciably
withdecreag3.ngaltitude. —

Considerationiegivent,otheusebfplaneheated+irjets
directedtangeniiall~totheinsidesurfaceof thewindshieldto
p~ovidetherequiredheat.A relationshipisdevelopedtodefine
theoptimumdepthof thejetnozzleforanygivensetof conditions.
It isalscsham thatit isdesirableto-maintainthecockpitair
temperateandthe~ot-nozzleexitairtemperatureashighas
practical.‘Meapplicationofheated-airJetsto thefog~ingproblem
isdiscussedforbothsteady-stateandtransientsolutionsofthe
heatrequired, anda sampleeolution3spresentedforemh case.
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is alsogivento theuseofelectricalenergy
surfaceofa windshield.It M shown,consideb

ingonlyfreeconvectionandradiationofheatfkom
tothecockpit,thatelectric@heatingsystemsmay
usingsteady-stateheat+rmsferconsiderations.

INTRODUCTION

thewindshield
be designed

Duringdivingflightofmlli’taryaircraftequippedwith
Imllet-resigtingwindehfelds,theinsidesurfacesofthewindshields
frequentlyaccumulatef’ogwhichobscuresthepilot~svisionand
rendersthestrikingpowerofthe”aircraftineffective. Thefog
maybe removedbymechanicalmeans;however,thesemeem intie~
selvestendto impairtheyilotfsvision.Thefogmaybe prevented
frcmformingbymafntaining,thewindshieldinside-surfacetgmpe&-
atureabovethedewpointof.thead~.scentcockpitair. This.canbe
accomplishedby eitherprovidingfora fluwofdehydratedairover
theinsideofthewindshieldorbyheatingtheimid~ surfaceof
thewindshield.Deh@rationoftheaircouldbe accomplishedby

—

chemicalmeansorby usea?a refrigerationcycle.Chemicalsare
undesirablebecauseconstantreplacementofthechemicaleis
necesearyandrefrigerationisnotpracticalat present,in that
present-dayaircraftarenotequippedwithrefrigerationequipent.
HeatingofthewindshieldcouldbeaccomplishedsimylyaEmost

.

aircraftareequippedwithheated-airsystemsorwithelectrical
energywhichcanreadily%e convertedintoheat. ,

Sincetherewereno designdataavailablewhichconsideredthe
basicvariableinvolvedinprovidingfog--protectionbyheatingthe
insidesurfacesofthewindshields,thepresentinvestigationwas
undertaken.

Thepurposeofthepresentinvestigationwastoprovidea
meansforevaluatingtheheatinputto &e insidesur?aceofa
single-panelbullet-resistingwindshieldwhichisrequiredto
maintainthetemperatureoftheinsidesurfaceofthewindshield
abovethedewpointoftheadjacentcockpitairthroughoutdiving
flight.

Equationsarederivedfor thecalculatton”ofthe,heatrequired
throughoutdivingflightinwhichthetransientheatingof thewind- .
shieldisconsidered.!l%eresultsofthisanalysisareccmpmd with
a simplesteady-statesolutionwhichprovidesforheatingtheinside
surfaceofthewindshieldto thehighesttemperaturerequiredduring .
flightat thesteady-stateoonditioneeTistingpriortothediveand
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neglectscalculailon@ transientheatfluwin thewindshield,After
establishingrelationshipsfortheheatrGQUirOd,considerationie
giventotheqpltcationofplaneheated~irjets(hereinafter
desi&atedes surfacejets)toprovidetherequiredheatusingthe
relationshipsgiveninreference1 andalsoLotheapplicationof
electricalenergytoprovidetherequiredheat,

SYMBOLS

Thefollowingsymbolsareemployedthroughoutthisreport:

a.

Ck

CP

E?

hc

ho

thez?na.1diffusivityofwindshieldmaterial,squarefeet
perhour

(
percentoffullkineticheatingck=

.~y~Jcp)
.

specificheatofairat constgmtpressure,Btuper .
poured,W

speoificheatofWindshieldmterial,Btuperpound,%

surface-~et-nozzledepth,feet

referencesurfac~je~nozzlede~thof1/12foot,feet

(c)distancefromsurfac~jetorigintonoz21eeXft, ~*. ,
feet .

s,ccele~ationduetogmvity,feetpersecond,second

coefficientoffreeconvectionandradiat~onofheatat
theelectricallyheatedsurfaceofa windshield,Btu
perhour,squarefoot,%

coefficientofheattransferat externalsurfaceof
windshield,Btuperhour,squarefoot,%?

coefficient’ofheattransferat internalsurfaceof
windshield,Btuperhmzz,’squarefoot,%

coefficientofheattransferat internalsurfacoof
windshieldemployingbeatod+iz=surfacejet,Btu
perhour,squnrefoot,OF
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H ‘

J

%

ka

kl,kz,k~

L

t

T
El?c

T1
Ta

pressurealtitude,feet

mechanicalequivalentofheat,778foot-poundsTerBtu

thermalconductivityofwindshieldmaterial,Btuper
hour,squarefoot,% perfoot:

thermalconductivityofair,Btuperhour,squarefoot,
%?perfoot

functionsofaltitudesuchthat

len@h ofwindshield,feet

dis’~ncefromswrface-.~e&nozZleexittopointunder
consideration(L= x-e),feet

.

.

w~.d%hof surface-$etnozzle,feet

heatflowthroughtheinsi~esu.rfaco_ofwindshieldE@
steady-stateconditionspriortodiveFlight,mBtuper .

hoti;squarefoot

heatgeneratedattheineides@ace_ofa windshieldbythe ●

conversionofelectricalenergytoheatenergy,Btuyer
hour,squarefoot -

changeInheatflowt@oughtheinsj.de
- shieldat tirqytime.af%ey,diveflig%t

per hour,Eqwi-efoot

heattransferredfromtheolectricall,y

mrfaceofwind-__
isstarted,Btu

heatedinsidesurface
ofa windshieldintothecockpit,Btuperhour;square
foot

timeafterstartofdiveflight,hours
temperatureat anypointinwindshield,‘F
temperatureofcockpitair,OF

temperatureofinsidesurfaceofwindshield,~

statice.m’bientiirtemperature,%
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‘%

AT~

‘D.2.

m

To

T$

%

eo

ej

Ui

V.

Va
w

x

Y

u

ambien%air-txxnpemt~rech~e dufitokineticheating
(%F = % -T.),” F

dew-pointtempmaturoof cockpit=ir, ‘F

differenceI&waentemp.raturaofinsidesurfaceof
windshieldanddew-pointtemporctureofthe-cockpit
a’ir(AT= Ti -~,p.), %

- temperatureofairat surfacs-~e’%nozzloexit, %?

maxiIwM @t te.mpegatumatanydi~tancex from
jetorigin,QF

tomperaturaofheat-%ransf’orWd:um flowingmer insido
.—

mrfacoa?windshield,‘1? ,—

temperatureofau~at surfac~jet~ozzloexitabove
cockpitairLempeP&tuzze,E -. —

maximumtemperatureof surface jet“atanydi~’%ncex -
fromnozzleexitabovaccwlqitairtemperature,‘F

OVCM1l coefficientofheattransfofi,instdosurface
ofwindshieldtosmbientair~BtuTerhour,squaro
foot,02’ .- .-

-:.

airv~locityat surface-Jo’aozzhexit,feo~ per 6econd -.-

.Velocityofeirplsi-m,feetpersgconri .,

heateda~flow rateoutsurfac~jabozzleexit;pounds
persecond., .- —

distancefromjetorigin to paintunderconSidGratiOn
(x= L + e), feet

thickness.ofwindshield,feet

engle of expmsionofsurfacejet, dogroos

.
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* linear rate

perhour,
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ofchangeof ~ + q= withaltitude,Btu .

~quarefootperfoot

Y specificwfii~ht’

P densityof.air,

7W specificweight
foot

ofair,younds‘percubicfoot

slugspercubicfoot.

ofwindshiel~material,

v dynamicviscosityofair,pound-seconds

\-

pound6percubic

perD.quarefoot

Subscripts

n unitsoftime

Ill units of widshieldthickness

ANALYSISOFHEATREQU-

-In order.topreventtheforqat,ionoffogontheinsidesurface
ofa single-panelbullet--resistingwindshielddur@g divingflight,
it isnecessarytomaintafnthetemperatureof thi~surfaceTi
abovethedewpointofthead~centcockpitair ~,po . A method
of calculatingtheheatrequiredtoyrovidethedesiredtemperatures
of theinsidesurfaceofthewindshieldmustbe establishedbefore
considerationcanbe giventoa meansofsupplyingtherequiredheat,

Theetateoftemperatureofa windshieldat steady-statecondi-
tionspriortodiveflightmaybe expressedas —

qa=Ui (Ti- Ta-ATk) = ~ (dT/@)

.—

(1)
where

‘*’727% (2)
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and

c~vaz~~.—..”---.
2f3JGp

Tk-Ta (3)

Theequationfortheexterimlcoefficientofheattransferemployed
hereinis ,,, -,.-

----.. ””” ..,.
.,.. ( +yyg):: (4,””--h,o.=,(@?)(o.o%,cP7~a -..,,... .. ””.

.,. . . .. ,,, .”.. .
..Thisis‘theeq&tionforthe.coefficientofheattransferfroman
airs:trekmtoa’flats~ace.giveninreference2 and,althoughitmay
-nat.I%str~c’tlj-”’ml-idiP.theyresentap~lication,-itisconsidered
sufficientlyaccurateaswill%3 shownlater.

As soonas theairplane.onwhicha bullet-resistingwindshield
is installedentersdivi~ flight,equation.(l)isno longervalid; -
theflowofhea’t”%eccmestransient.‘T’heambien=irtemperatureTa
anddensityo aswellas thecoefficientofheattransferho all
varywithaltitude,Dueto ‘&enumberofvariablesinvolved,itis
impracticalto treatthetrqnsientheat.~1.owduringdivti fl@htby
meansQf,tiffereatiialeqmt~ioM~ andresortislmdbto thehy&OXilMtO -.
method:ofE. Schmi&t”gi~eninreference3 fcm<eva@ating,,t,yans2ent
heat-flowcond$t~ons,In,tMsmethd, thediff&Wtialequationsof -
transibn~”heatfl-ti”ayemodifiedtopomnfta ste~by-s,$epsolution
in ternsoffinitequantities..~Th&.”eq@ationsdf:reference~.smi~,’the. .
nomenclature.of”th$breport.qre“listedbelbw:”“’ ~ ‘ ,,..”,...,;... .,:,.,, :-., .: :.-... ‘.. . .. . ...

,:, .
,.. .

.. . . ... . .,. .,, ---,,, ..

[

:., .,. ,.’,

%lAy,nAt=*%Li)&;”(*l)At+%ll+l)AY,(n--i)At1.(5),,,.-,...-.,,
: ,.. ., . . ,. ... . . --------

‘:(hi)dt AV ‘(TnJMt+kwT~,tit
(Ti)o,mt = I&+ (hi~mt~

.. .. .

(6)
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(ho]mt&(W)mt +kw%my, nAt
T+n.+-l)Ay,nA*= (7)

kw + (ho)~tW - ,.

Theunitsof time At andofwindshieldthickness& arerelated
by theexpression .-

&_@
2a . (8)

Thesketchofa windshieldinfigwe I Wustrates..som.of the
quantitiesin theRboveequations.

!lhegerkmalmethodc/&olutionof transienKh6at-transfer
problemsusing these equationsisillustratedinreference3S“The._
calculationsby theabovemethodarelongandtediousandmust%e
madefor~ti.cular”valukmof.allthe.m?iables.In orderto
facilitatethecomputationsandalsorenderthemindependentor
themeansbywhichtheheatistransferredtotheins$desurface
ofthewindshield,iti.scon-veniefit,toexpressequation(6)in
termsoftheheatflowthroughtheinsidesurfaceof’thewindshield
as .-

.,

.,

where ~ is theheatinputtothewindshieldats~eady-state
conditionsyrtortodivingflightand.(~ + qH)titis the

(9)

instantaneousheatinputafteb tit howgwofdiviggflight.

Forthepurposeofcalculations,itiisneces~WYtoPost~.a*e.
how ~ + .q=,~ill;~ywi~?altitwde.,.AnyvariationmY be chosen;
however,hereinitwillbe presumedthat ~ + qE tiybe e~ressed
as a linearfunctionofaltitudesuch

.,., ,.. .. . . ,,,,, . ..:a.(%+.qH)...
..
dH

=$

that

(lo)

..-

.—
.

.

--
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where AH isthealtitudetraversedinthetime At.

Whenequation(9) i.s
inplaceofequation(6),
thewindshieldresultsin
exp~eaeedag

,
.:

employe~in thestep-by-tepsolution
thetemperatureoftheinsidesurface
te~ oftheheatinputandmaybe

,.#

.. . . . :
. . ,? .

9

of

(11) “

4 “wherekl, k2, and k3 arefunctionsof-a~~itudeandaredependent
‘onthewindshieldmaterialandthickness,therateofd~scent,the
airs~e~dandthealtitudei%cmwhichthedivhk fli$htiS“con~~cted.-?!v:.“,. : ,.,. -!,.,..... .. .,

&ce the&luos of’k~, k2, and.~, &ve keen”e~”tatlishedas...’ ;
‘f~ctibti”of~~tudefodaniparticularinsWla.t@nan!thed~

‘“”’paint ~.po of.theairad,lacenttotinewindshield.atthecritical., 0altitudeoffagging
be chosen,,suchthat

..

isknti,.avalue-of‘Tj.at.thataltitudemu@ ._
Ti isnotlessthan ~,pa ‘Or “ ;

,,

,!,,
. .

Ti = Ta- (Ta-TDopo)+AT ,
-.

(12)

,..

..

. .

ofaltitudeis;ovidentfromequatia(10)and Ti as a functionof
altitudemaybe evaluated.fromequation(11).Many solutionsare
availabledependingonthevalueof .V assumed,ThevalueOr W
shouldbe assumedsuchthattheresultant.valu9sof ~ + qH
maybe correlatedwiththeheatgivenup to thewindshieldby the
heafitransfermediumemployed.In thecaseofa heated+ir,surface-
~et,fog-preventionsystemthe.rolation~hip

.

(13)

mustbe satisfied.
.



10
.

NACA~ No,1301
. . ,.,. .

,-TS, AND,DIS(?MZON,,, . ..
‘,’HQatRe’qtiired,,

Usingtherelationshipsdevelopedin theanalysis,’’curveshave
beenestablishedm? kl, k=, and k3 (equation(11)) a8 functions
ofaltitudefora 1$-inch-thick,2-f’Ootl~ng,bullet-resisting,
windshield’~ththefollowingphysictilcharacteristics:average
specificweightyw ~f168poundsyercubicfeet,averages~ecifi.c
heat c of0.18Btuperpound,% andaverageconductancelL/yof
3,91B“tu,imrhour,SCPIZWii’ootJ%F.. . Thecurveswereestablishedf~
variousconstantratesofdescentat cops-t trueairspeedsof2@
and400milesperh&zrfr&npreskn..u?e~ltitu~esof20,000and30,000.. feetusingtheNACAstandardairtemperaturesas..% inequation(7)..

.,..,

,..,
. .

. .

,-.

‘these.calcul~t~~ns.arepre.eented-”ati-figurqs2 tti__7~d a @nple
c~culation”isillustratediq table$, Althoughthesecurveswere
developedusingetandaplairtemperaturesfor Z&, theyMy %e
appliedequallywelltootheratmosphereswhereinthetemperature
J.ayserate is thesameas standardbecausethevaluesof ho
(equation(4)) employed.In thesoluticmvaryonlyslightlywith
temperature,Thustheheatflew qa+ qH mybe calculatedUSiW

stand@rd,airtempera:ureeqndt~i,sh~a~flw willinducethesame
temperaturedifferencebetween.thewindshieldinsid,~supface
temperatureand the”aaibi.ent-airtemperit&ejor the same Value of ●

(Ta- . .TD:~) * AT.in eqw%ion(12)fnanyatmo&phereinwhicha
standardtemperaturelapserateprevail-s.The“s@&ce.temperatures
resultingf.ramthisapplicationd thecwveawillnetbe corrept,
I,tfollowsfrcimtheabove,hawevor,thattheymaybe correctedby
therelationship

,,.

(T#k)act&l (14)= ‘Ti-Tk)s“~ndardeir’ternpti~aturefOr,Tk ‘..
f. —

A studyoffigures2to7illustratesthatthespeedof theairplane
isnotoneefthemostimportantfaotor~in thesolutimwhenthe
temperatureTi isconsitle’redwithrespectto ‘k* Solutionofa .
problemby useof the“curvesdevolepodfor200or.400milesperhour
withother’conditionsthesamewillyieldapproxi.~telythesamo
valueof Ti inequation(9), Thusitisevidem~thatequation(4) -
is auff’icientlzvaccuzzateforevaluatingh..

“. u,
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It canbe sham fron%3=curvesa.niiequation(n) thatfor
caseswhere“tierate.ofdcscewtishi~h,ov6r7000feetperminute,
littlechangeisexp(mxh?cw$.inMS valuesof Ti duringdiving
flighturbse thevalueof $ in equation(n) islar~e.For.
instance,if ~hcheatinputwere‘variedfrom ne= 300Btuperhour,
squarefoot,to ~ + ~ = 200Btuyerhour,squme foot,during
divingflightfroui30,000tc?”l,002fee%yrassuraQtitude,respec-
tively,at a trueairspeqdof 400milesperhouranda rateof
descentof~000feetperminuk,the temperatureof theinsici9
surfaceof thewindshieldTi woulddecreaseby onlyabout7°F,
Inmsmyinstallations,it ieprobablsthatthehe.sk_f_low~hrough
thewindshieldwouldfncrsasewith?mcracsin$altitude,ra+&”erthan
decrease,thusincreasingthe,valueof Ti by a smallS.mOull%durin$
divingflight.Thistiadicatesthatformanycase~thedesigyimhybe
carried.outusingsteady~tfiteheat-transferconsiderationsof the
heqtfluwthroughtheinsidosurfaceof thewindshield&t thelevel .
flightconditionsfrOmWhiOhthediveis initit.ted.“me above
conclusionisbasedonconstantairs~eedbe”foraandduring@@ ~lv~$ ‘-
whichis.notalwayatilecase. Thoconclusionsgenerallyvalid,

...-

however,sinceithasbeenshownhereint.htmirspeedhasvsrylittle
e.Ffecton thevaluesof Ti at~aine(iduringdivingflight?,:The””,:...
solutioncanthusbe greatlysimplified,nocoasi:athgthsuse of
equ~tions(1],(2),(2)$and (4)only, Thureforejinrealityresort ‘
needbemadetothetranstentsolutiongivenin theanalysisonly
when $ ineqwtion(10)isnegative,Resortshould~however,be
madetothetransientsolutioninord.ortoconservehac ehergyWhGn
therataof&escentinlow (10ss ~~ ~CK)o i~eou per minute)orwhen
~ hasa largepos$tivevalue. ~ .

. -.

Resortto thetransiantheat-flow&olutlonisnetnecessaryto
establishwhetherornotthostea~v-stat~s@utioni3applicablein
anyparticularcase. ItfOHOWSfra thepraltiousd.iscuasionthat
thismaybe o.ccomplislzedby assumingT~ consthnt’thr?i@l@i”diV@
flightandcalculatingtheheatflowto’theinsidesurfcoeofthe
windshield,Theva~uesof ~ + ~ thusevaluatedmy noth.o ‘-- ‘

accurate,However,iftheyindicatetkLt c& equalszere(4=0),
then qH isayyoximnt@yzero, If they.lndi~t~tht ~ ~ qH
islargerthan ~ ($28pOSit~Ve),theactual~ + qH %~lues
as determined.b~ thetransientsolutionwilllm largerthan ~ but
notas b.rgeas the ~ + qH vcluesindicatedby thechve campu-
tiansinthattheinsidesurfacotemperatureofthewindshieldw$ll
Increasewithdecreasingaltltudo,~.i’theseapproximatecomputations
Zndicatethat ~ + qE isgrenteror equalto ~ througQmt the -.
dive,thestewiy-.statesolutionIWY be apylied-o

—-
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Thoeffectsofthickncmsc,nd.ofconductivityof.a bullet-
rcmistingwindshieldonthtivalucmof k~,.%, =d k~ aroilh.s-
tratedinfigure8. T%Qvaluceof kl~ + ks havobom exprossod
intermsofta.nperatureinthisplotandthetempcmatumforeach
curvea’tthealtitud~fromwhichthodivi~.fli~tieconductodhas
boonme.dooquivalontby usingq~propriateyaluosof ~. liitiout
consideringtho k2 Values}thec.urvgsof klqa+ ka asfunctions
ofaltitudoindicati”the.effecbsofwindshieldconductivityend
thicknesswhenthoheatinputismaintainedconstantthrou@out
divingflight.,Thosocurvesshowthatincreasingthothickness
frolnl~to.2inchesdecreasesthot.gmporaturochange@rin& diving
flight,~d decreasing.tb.econductivityofthe wintihioldmaterial
has.as~imilaroffeot.l%e k2 mrvcs illwtratothe.effectsof’
llnoarlychangin$thohe-attn~t withaltitudeTgr a.@nge in
windshieldthicknessandcorlductlvity.ThiSeffectiS $ust-%he
oppositeofthatdos.crilmdforthb”kl~ “+ka curves.Alsoincluded
on thisfigureappc~es to showthoeffo!ttonthesglutionofM_e
numberoflayersintowlztohthowindshieldisdivicled.Obviously
themorelayerschoscmthemoreaccuratotheeolution,Usingeight
layers,aswasthocaseforallothercomyute+tionsofthisreport,
thechangesIQm3 tom~eraturoofthowindshieldfrom stop-to-+tepin
th~solutionworounifozm,midthisis.considerodthocriterionfor
appropriat-ouse of tho Stopby%tepcalculationmotho~employed.

the

and

.,

Theapplication
heatrequfrodIs

.

.

.—

— —

ofsur?aco-Jdsandel~ctricalonorgytoprovido _.

“considorodinthofollowingdiscussion. .—

.

ApplicationofSurfaceJots

,. . ,.
,.

hjx
—=
ka

.

.. .

hoatod-surfacojotsarogiveninroforonce1
(Seosurface--jotconfiguration,fig.9.)

,.l,~*p.L.* -,0..5

0= d/tmia

x= L+o

(16)

(17)

(L8) .
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Fromtheserelationships,theheattransferredfroma surfacejet
to theinsidesurfaceofa single-panelbullet-reeistingwindshield
at anydistancex fromthejetoriginmaybe expressedas

.-

qa+~= 0“17’R%yr=(T.+%-‘J (19)

orusingtherelationships -.

To = W/dZy

thise~-essionmy bewrittenas

1.54W(TC+ 63_Ti) 0.5X0.54= dQ (20) ‘“

.

Equation(20)suggeststhat,fora givenvalueof 0, Tc, Ti, ~-1,
anddistanceL, (L= x – e),thereisan optimumnozzledepth “ .._
whichwillyielda minimumvalueofW. EvaluatingdW/dd,W isa
minimumwhen ,,

d

()

1.54_lL@m ~.=
Tc-Ti ~
—+1
e:

(21)

Theoptimumjettemperaturefora particularinstallationis
(equation(20)) thehtghestpracticaltemperatuzzewhichcanbe employed.
Twootherimportantconclusionswhichcanbe drawnfromtheaboverela-
tionshipsare: (1)equations(15)and (16)indicatetht h~ and 63

J decreasewithIncreasingx, thusthedesignneedbe carriedoutonly
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forthepointfarthestdistantfromthejetnozzleexitatwhichfog
.

preventionisdesiredand(2)thecabintemperatureTc.(oqua-.
tion(19))shouldbemaintainedashighas practical.inorderto
minimizethetemperaturedropofthejetwithdistancex.

Inthefollowing,thecorrelationsofthoserelationshipswith
thosegivenfortheheatrequiredforfogpreventionarediscussed..

Steadv~tatesolution.-Theapplicationofthissolutionrequizvs .
yriorestablishmentofme variationofheatflow&hro@ theinside
surfaceofthewindshieldwithaltitude.Thisvariationcanbe
approximatedforthecaseofa surfacejG$ty prcmmingTi constant
endevaluating~ + q

!!
fromequatfcm(19) for vario~ altitudeeof

thedive.If theseveuosareapproximatelyequalto‘brlargerthan
~, thesteady-statesolutianmaybo appl~qd.

Thesteady-etatesolut%m.isrelativelysimple.-fitertheheat. ~
required~ isastablisbod(~ = O ineijyation(19)forstcady-
stateconsiderations)fromequntion(1)endthohighestwindshield
Inside-surfacetemperature$ordiv~ ?Mght isknown,a solution
ofequati~(20)willprovibthomrface-~ot-nozzleiiopthrequired
forassunedvaluesof W tad Tc + 13-T . In orderthatthis

# ~21)mustbesatisfiod.tialueof d willbe an opthmxnjequaion.
Thovalueof Tc usedmu6tbo quivalentwiththatresultingfrom
cockpitheatingconsiderations.

In ordorto simplifytheprocedure,Q designchartwhich .
includesplotsofequations(20)and(21)isgiven-infiguro10. The
uaeofthischartis illustratedinthesolutionofa sampleproblem
inAppendixA. f -

Transienteolutfon.-hCe the~lW5S of kl, ka,.k3,—.
qa+ ~ @ Tt asfunctionsofcltitudehavubeenestablished’for
a bullet-resistingwindshieldas sotdownin ‘do analy+s, thovalues
of qa + q

%1
mustle correlatedwithlihoheatdeliveredtothoinsido

—

surfaceof e windshieldby a heatedsurfacejetby moansofcqu&-
tion(13),togetherwithcquatiom (15), (16)nnd(17).TheBeequa-
tionsmay%e employedindepcndontlyorgroupedintothoexpression-

%R& ‘(-) O*e’v:=’’:*”’5Fo*”5FC:’’’(*MI‘=0.16k
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Thusitisnecessarytodecideuponvaluesof Vo, d, Tc, and .9.,
suchthateqwtions.(13)or (22)aresatisfiedthroughoutdiving
f’lj.@ti.Thevalue O: Tc mustbe commensuratewiththatresulting
fromcabin-heatingconsiderations.Thesolutionofa semple~~blem
by theprecedingme’hod,thesanieproblemsolvedforsteady-state
cOr&itiOnSinAppegdixA, iS~OVid8dinAppendixB, .

ApplicationOFElectricalHeating

Recentdevelopmentshaveshownthattransparentconductors
ofelec’wicitycanbeappliedto thesurfacesofwindshields.

.

Thussomeconsiderationof Electricalheatingby theconversionof
electricalenergyto heatenergyat theinsidesurfaceofthewind-
shieldismeritedIn thisreport.

Theheatbalanceat theinsidesurfaceof’thewindshieldMy be
eqyressedas !.—_

!l&+-Q==q~-q (23)

where

~i= hc(Ti-Tc) (24)

●

hc = 0.27(Ti-Tc)0”25 (25)

if thewindshieldinsidesurfaceIsvertical(referencek]. ~-e
coefficient0.27decreasesto0.20as theattitudeof thesurface
i:3changedframverticaltohorizontal,withtheswrface”un~er
considerationfacingdownward.Sincemostwindshieldsareylaced
at am anglecflessthango”tothehorizontal,theuseof0.2?

*

appearsconsenative.Usinge@atioC(29), equation(23)maybe
expressedae

—

~+qH.qE_ 0.27(Ti-TcP-”z (26)
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where
1.250.27(Ti-Tc) = ~i-

NACATN.NO.1301

.-
. (27)

.
.

.
.

Th quantity q~ willremainconstantforanyparticular
installationunlessprovisionsaromqdetovarythoelectrical
voltagesupyliedto‘&oelectricalheatingsystem.If q~ is
presumedconstant,~ + qH isdependentotiyonqi. lf,during
divingflight,itispresumedthat TI mafn$ainsconstante.mdthat
Tc main~insconstantorincreases,-then qi “woulddocreaaoor
rmain constant.Thusitisevidentthatthedesi~ offog-prevention
systemsemployingtheconversionofelectricalenergytoheatener~
at theinsidesurfacoofthowindghield<jmaylm carriedoutusingthe
steady+tatesoluticxipreviouslydescribed. .

It shouldte pointodoutthatthea%oveconsidersonlyfrse r “’
convectionandradiationofheatfromtheinsidesurfaceofthe
windshield.If thecockpit,under,cogsidwationisdr~tysane
forcedc’onvoctionmayresultanditmaybe ofsufficient~.gnitude “.
to requireconsideration.

CONCLUSIONS

Thefollayingconclusionsontheheatingof single-panellmllet-
resistfngwindshieldsforfogpreventiaduringdivingflightare
evidentfortheconditionsanalyzed.

.

1. Duringdivingflfght,whentherate.ofdescentishigh,over
5000fe~tperminute,thoinside-&facetornperatured thewindshield
willremainapproximatelyconstant”unlesstlieroisa largevariation
ofheatflowt@oughtheinsidesurfacoofthe windshieldwith
altitude.

1

.—

.

2. Indepigning,fog-preventionsystemsforc.meswherethe
rateofdescent’isover~00 tpotperminute,thedetifgnumy”lo
carriedoutto providethehighestre~uiredinside-surfacetenpm-
atureof*O winuhieldat thesteady-statecmditims priorto
divingflightunlwd ‘&eheatflowthroughMO insid~windshield
surfacedecreasesappreciablywithdccroas~ngaltitud~...

3* Considerationofthetransientheatingoft@ windshield
duringdivingflight.lsnecessarytopovidefogpro~ectionwhenthe
hea?.flowthroughtheinsidesurfaceofthewindshielddecreaseswith
docroasingaltitude,andisdosira.bleh ordortoconsorvoheatenergy

.

t
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whentherateofdeseentislowor theheatinputtothewindshield
increasesappreciablywithdecreasingalti.tude~

k. Whenemployingheatedsurfacejetsforfog
advantageoustomaintaintheGockpittemperatureas
in ordertoreducetherateof temperaturedecrease
withdistancefromthejetexit.

5* Whenemployingheatedsurfacejetsforfog

preventionitis
highaS yracticd —
of tieaiPjet

Trevention,itis .
desirabletoemyloythehighestpracticaljettemperaturesinorder
toreducetheheatenergyrequired.,

6, If electricalenergyis convertedtoheatenergyat the
insidesurfaceofa bullet-resistingwindshieldandonlyfreeconve~
tionandradiationinduceheatflowintothecockpit,theelectrical
heatingsystemmaybe designedusingsteady-stateheat=tranefer
considemtiens.

AmesAeronauticalLaboratory,
NationalAdvisoryComn$tteeforAeronautics,

MoffettField.,Calif.,March194~.

.,
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AEPENDIXA

SAMELESTEADY-STAZESCLUTIONONTEZAPPLICATIONOFA HEATED
SURFACEJETFORTEEPKETNT.& IONOFFCGONTHElll%CDE

SUMFACEOFA SINGLE-RINELBULLZKIZESISTIIWl
WINDSHIELDDURINGDISKKN2ILIC3T.

Thefollowi~

Windshield

dataareconsideredasknolm: . .

Size: 12 in.wideby 24 in.longby

Conductance:3.91BtupeY*hr,ft?,

Averageepecificweight:168lb per

FlightConditions:

i-1/2in.thick

‘F

f~3

—

Initialaltitude:jO,000ft (pressure)

Initialambient-airtemperature:-30°F

Ambient.+irtemperaturelapserate:Standardair

lapserate0.003766°F perft .

Rateofdescent:5000
Airspeed>true,lefore

400mph

Des~gnConditions:

ft perminute

andduring-divingflight:

.

,.

Altitude:1000ft (pressume)

Auibien*irtemperature: 73.5°F

Ilrotectionrequired:Distanceof.12in.fromjet- .

nozzleexit

In thesteady+tatesolution,
&

considerationofthetransient
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transfetiduring:di~$~flightisneglected.It ispresumed
theini~ialsurfacetemperatureofthewindshieldwillhe ,,

maintainedthroughoutthedi~e.‘Thustheirmi&3-mrfaceteti~e~
atureof thewindshieldshould.be heatedto 73.5QF priorto.the
divo(inordefi.to protectagainstvapor”iontentup to100-percent
relativehumidity).

Solution

1.

2.

3*

Heatrequired: -.

Externalcoefficientofheattransferho fromequation

Conductanceofpmel: @ven ~/y = 3.91Btuperhour,

ft2, % .,

Coefficientofheatt~fer, insidesurfaceofwindshieldto

embientairfromequation(2),Ui = 3.45Btuperhour

t%2, ‘F —

Heatrequired:fromequation(1) ~ = 26TBhuperhour,ft

1954
W“(Tc+el-Ti)L

Evaluate ,f4 Inequation(20)azndsolve ““’-

for d fromfigure10 -.

Fromequation(20),assumingW . 0.1poundpereecaadend

1.5’4
(Tc+ Q3-Ti) : = 0.203 ‘

(Tc+ 63-Tt) =-50°F, W —
0

Fromfigure10, d = O.0~~foot= 0.396tich. .

‘stabl?-sh% Gj)‘d ‘o

Fromfigure10,inorderthatthesolpti-onhe an optimum
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Tc- Ti
for thenozzledepthemplo:~ed.,~~ = 0.”065

Thus

Tc = 76.5°Fmd e~=

60(fromequation(15))= 88°F and

.

+ ej -Tij = Y2S.+’F

h~ F —

To= 00+Tc = 164.5°F

ThevalueofTc ussdmust%e commemsu~tewiththatresult-
fromcabin-heatingconsiderations, .-—.

“SAMFLET-~~ SCifJJYIONON~ APELIC!ATIONOFSURFACEJETS
FORTHElRl131ti OFKX2ONTHEINSIDESURFACECFA
BULLET-BIEIISTI?JTGW~~~D-~ DIVINGFLIGHT,

Theknown
givenforthe

dataforthiseolutlonaretakenas thesameas those .
steady-tatesolutionInAppendixA.

.
Solution — .-

1. Heatrequired: ..

k ka,1$ andke asa functionof’altitude.-~ose datagtvcm in

“figures3 and6 areapplicableusing”stands,rd->irtemyeraturee
as thekineticairtomFeraturea}_tocalculatetieheatrequired..

TakingAT = c~T2C)oinequation(~), Ti = Ta= Tk-_
2gJc*

(Ti) looof’t=30°’F”(forprotection:u~.to100-&cent

2. qa

humidity),assuninga valuoof ck.Of0.90
relative

+ qE asa functionofaltitude.-Itwasnecessarytoassumea
valueof $ inordertocalculate~ (equation(11)).Herein
valuesof jr of0, 0.0025$and -0.0025wereassumedto
illustratetheeffectsof $ onthesolution.valuesof

-.

*
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qa+qH as functionsofaltitudewereestablishedfrom
equation(10)andaretabulatedintableII.

3- Windshie~d.surfacetemperature.-Thewindshieldsurface .
temperatureswareevaluatedfromequation(U.).Since
standnrdtemperatureswereemployedintheabovGsolution,
thevaluesof Ti werecorrectedbyequation(14).The
uncorrectedendcorrectedvaluesof Ti are tabulatedin
talleII.

k. Applicationofsurfacejet.-Equations(13)or (22)mustbe
satisfied.?!husassumingthatW = 0.2pound’_persecond
at j0,000feetpressurealtitudeandvariessuchthat VJ
is constant(Vj= 159ft/see),d=0.033ft = 0.396in., -
andTc = ~O”E’,go wasevaluatedforeachvalueof ~
asa functionofaltiiudofromuseofequations(l~),(15),
(16)~and(17),or equation(22).Taeval.uesofTo,
TO=6n+Tm foreachvalueof ~ am tabulatedin
t&bleh. “

5. Thevalueof Tc uset
withthatresulting

1. Zerbe,JohnandSelna,
CoefficientofHeat

inthecalculationsmustbeconmensurato
fromcabin~eat~ co~j-derati~s.

Jemes: An EmpiricalEquationforthe
Transfertoa FlatSurfacefroma

.,

PlaneHeated-AirJotDirectedTqngentialiytotheSurface.
NACATT?NO.1070,1946.

-.. ● _

2. Martinelli,R. C.,Tribus,M.,endBoolter,L. M.K: An
InvestigationofAircraftHeaters.I –Elemen-taryI%at .
TransferConsiderationsinAn Airplane.NACU,ARR,Oct.1942.

3. Schack,Alfred:IndustrialHeatTransfer.Translatedfromthe
GermanbyHansGoldschmidtandEverettP. Partridge. Job”
WileyandSons,Inc.,1933.

4. McAdsmE,WilliamH.: HeatTransmission.SecondEdition
M@raw~iu BookCO.,be>, 194’2. ,
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Calculated I Pr’esswe altitude (,ft)
want it ies v 30,00020,00010,0001,000.-

~+qH’ 0 26~ 268 ,26~ 26~
Btu per hour, .0025 250 27P 300 322.5
square foot. ! -,0025 291 266 241 2M ●5

-t

——.

q) OF o 29 29 29 30
Iusing standard

●0025 23.5 24.8 27.o 30
alrternps. for

-.0025 35‘k 33*7 31.7 30

0 73,0 73,0 73.0 73*5
‘T!)“corrected .0025 68.8 71,.0 71.0 73*5

OF -.0025 77*7 75*7 75,7 73*5

o 162 141 126 117

T OFc)> .0025 145 135 128 125
-.0025Mo.g 149 125 . 109
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